Superhydrophobic surfaces, associated with the so-called Lotus effect, have attracted numerous studies in the past few years, originally motivated by their unique non-wetting properties and resulting applications (water-repellency, self-cleaning surfaces, etc.). It was soon recognized, however, that beyond their static superhydrophobic (SH) properties, such surfaces led to quite unique dynamic properties. In the present paper, we will review recent works studying the liquid flow behavior in the vicinity of SH surfaces. Addressing separately the case of microfluidics and macroscale hydrodynamics, we consider the possibilities and limitations of these materials as super-lubricating surfaces and discuss to which extents they may be used to fabricate "smart" surfaces capable of controlling flow properties.  Koninklijke Brill NV, Leiden, 2008 
Introduction
The ubiquitous phenomenon of friction has always constituted an unexpected source of technological progress. . . due to the efforts spent to avoid it [1] . This is immediately evidenced with a quick look at our past history where the invention of the wheel, skis, or the introduction of lubricants all aimed at reducing the friction between solid bodies. Of course, similar questions arose for controlling (most often reducing) friction of liquids at solid surfaces, leading to issues such as: drag reduction by polymer additives [2, 3] or by surface riblets (shark-skin effect) [4] at high Reynolds numbers, or the use of specific effects of (non-Newtonian) liquids [5, 6] . Among these different strategies, only a very few are effective for laminar but not for turbulent flows, a situation which is particularly relevant in view of the wide development of microfluidic devices and the move of biomedical analysis toward lab-on-chip technologies [7] . While it is usually neither convenient nor possible to modify the liquid properties to alter the solid-liquid friction, the large increase in surface-to-volume ratio associated with downsizing fluidic devices suggests that surface effects might become very effective at modifying flow characteristics. In this perspective, the main question to be addressed is whether one may modify the nature of the surfaces themselves to reduce friction of liquids? Of course, the hope is that such a strategy will eventually lead to the development of "smart" surfaces capable of actively controlling [8] flow properties.
Over the recent years, this provided the motivation for numerous works [9] revisiting the nature of the boundary condition for fluid at solid surfaces. Beyond the fundamental understanding of the fluid-solid dynamics, the reason for such a strong interest lies in its potential applications in microfluidics. The driving of liquids in ever tiny channels raises a number of difficulties, one being the huge increase in hydrodynamic resistance when the channel size decreases. Releasing the no-slip boundary condition at the surfaces, and thereby allowing for boundary slippage, would allow to bypass this stringent condition by decreasing wall friction [10] . As such, taking benefit of slippage would constitute a major advance for microfluidic applications.
Slippage, usually quantified by a slip length b, as introduced by Navier [11] in 1823 (see Section 2.2), has been demonstrated on solvophobic surfaces, with a slip length of a few tens of nanometers [9, [12] [13] [14] [15] . Except in peculiar configurations [16] , such values are obviously insufficient to modify the flows in channels with micrometer sizes and other specific solutions have to be devised to benefit from slippage effects in microfluidics.
The fact that tuning the chemical nature alone of the solid is unable to provide friction reduction beyond the submicrometer scale has led to the suggestion that one should try to get rid of the actual solid-liquid boundary by coating the surface with a "bubble" (a gas layer). Such a situation, where gas is trapped at the solid interface and partially replaces the solid-liquid contact, can be achieved in specific conditions (see Section 2.1) with the use of the so-called superhydrophobic surfaces. Such surfaces, which combine surface roughness and nonwettability to achieve unique static properties with water contact angles close to 180 • , were indeed recently predicted [17] to exhibit also super-lubricating characteristics.
Superhydrophobic surfaces consequently provide a great hope in the context of microfluidic devices that naturally motivates the present efforts for characterizing and optimizing their frictional properties. However, beyond this peculiar microfluidic framework where naturally emphasis is placed on the role of surfaces, more general questions now arise concerning the transposition of such gas-coating strategies to higher (macroscopic) scales: Can we succeed in drag reduction beyond the microscale? Can large-scale hydrodynamics be affected by surface coatings? In this paper, we will describe recent works addressing the dynamics of liquids at super-hydrophobic surfaces in order to give an overview of what is presently known concerning such surfaces, what are their specificities and, finally, what may be expected from them.
Slippage on Super-Hydrophobic Surfaces

A Compromise Between Reduction of Friction and Robustness
The term super-hydrophobicity designates the enhancement of the natural nonwettability of a flat substrate, as characterized by its contact angle θ flat , by the underlying surface roughness: while θ flat for water on any flat material never exceeds 120 • , its contact angle on micro-or nano-textured materials can reach values close to 180 • [18] . This super-hydrophobic effect can be obtained through two different situations, the so-called Wenzel [19] and Cassie [20] states.
In the Wenzel state, the liquid impregnates the roughness and a stronger liquid friction at the interface is indeed expected. In the Cassie state, however, the liquid interface lies on top of the roughness, the roughness being occupied by a gas phase, thus motivating the naming "Fakir state". This situation is achieved with highly rough hydrophobic surfaces: instead of entering this bidimensional hydrophobic porous medium, the liquid remains at the top of the roughness thus trapping some air in the interstices, and therefore leading to a very small liquid-solid contact area. Contrary to the Wenzel state, this Fakir configuration was recently predicted [17] and experimentally confirmed [21] [22] [23] [24] [25] [26] [27] to display super-lubricant capabilities.
In the context of microfluidics, the challenge now consists in developing versatile methods to design such surfaces in microchannels with optimized flow properties. These have to deal with two conflicting constraints on the engineered surfaces: low friction -i.e. large slippage -and robustness of the Fakir effect against pressure induced impregnation.
On the one hand, large slippage is achieved by minimizing the liquid-solid area (the fraction of which is denoted φ s ) together with maximizing the lateral length scale L of the underlying roughness. Indeed, theoretical predictions show that the resulting effective slip length b eff is mostly fixed by the roughness scale L [28] [29] [30] [31] [32] : b eff α(φ s )L, with α(φ s ) a numerical factor depending on φ s whose value remains close to unity for typical surfaces (see Section 2.2 for details).
On the other hand, the stability of the Fakir (Cassie) state with respect to pressure variation imposes some restrictive conditions on the underlying roughness scale L [17, [33] [34] [35] . Above an excess pressure of the order of P int ∼ 2γ LV /L (with γ LV the liquid-vapor surface tension), penetration of the liquid into the roughness occurs -transition to Wenzel state -and the benefits from the low friction Fakir state are lost. The potential applicability of lithographically designed patterned surfaces, with a surface lateral scale L in the ten micrometers range is, therefore, limited by their low resistance to pressure [25, 26] . Finally, it should be stressed that the estimate for the intrusion pressure P int assumes a roughness of typical height h, much larger than its lateral length scale L. In the more general case where the roughness is not deep enough, the complete expression [31] incorporates a correction term, varying as γ LV /h, which decreases even further the stability of the Fakir state.
Theoretical Results
Let us first concentrate on the theoretical description of liquid friction on superhydrophobic surfaces in the viscous regime (low Reynolds numbers). This problem was first tackled theoretically by Philip [28, 32] and more recently by Lauga and Stone [29] and Cottin-Bizonne et al. [31] . These approaches all model the Fakir superhydrophobic interface in the form of a flat interface with an inhomogeneous boundary condition ( Fig. 1) : no-slip boundary condition (BC) over the solid-liquid patches (b = 0 at the top of the roughness) and shear-free BC over the gas phase (the gas viscosity is neglected). The hydrodynamic properties of the Fakir interface are then expressed in terms of an effective boundary condition, averaging out all the surface details at the L scale, and allowing for surface slippage in the form originally proposed by Navier [11] : b eff ∂ z v = v s , with b eff the effective slip length accounting for the reduced friction at the surface, z the direction normal to the surface, and v and v s the velocity and the slip velocity of the liquid, respectively.
Complementarily, several numerical approaches have also been proposed either at the molecular scale, using molecular dynamics [17] , or at larger mesoscopic scales using finite element methods, lattice-Boltzmann simulations, or phase-field models [37] [38] [39] .
The different theoretical approaches mostly considered the simple geometrical case of a surface pattern composed of parallel stripes, for which the expression for Figure 1 . Sketch of the hydrodynamic flow close to a superhydrophobic surface in the Fakir state in the limit of vanishing solid fraction φ s . V is the liquid velocity far away from the solid-gas interface, L the lateral period of the roughness pattern and a the width of a single solid post. The local slip length b, which is 0 at the liquid-solid interface because of the viscous dissipation, tends to infinity at the liquid-gas interface. the effective slip length b eff depends on the direction of the flow. For a flow parallel to the stripes an analytical solution exists [28, 32] , and b eff reads:
For a flow in the direction perpendicular to the stripes [29] , the result is given by the above expression divided by a factor 2. These expressions exhibit a weak (logarithmic) dependency on φ s . In practice, the contact angle in the superhydrophobic Cassie state is given by [20, 40] :
so that for typical superhydrophobic surfaces with θ 0 in the range (165-175 • ), the solid fraction φ s varies from 5 to 0.1%. For such technologically feasible surfaces, the logarithmic term in the above expression of b eff remains O(1) (e.g. it reaches a value of ∼7 for the 0.1% surface). At a qualitative level, the theoretical results for the stripes can be summarized by stating that the effective slip length b eff essentially saturates at the value fixed by the lateral scale of the roughness L, with an unfavorable prefactor (1/π in equation (1), becoming 1/(2π) in the case of stripes perpendicular to the flow direction). For example equation (1) shows that a slip length larger than the pattern's period, b eff L, is obtained when φ s 10 −3 corresponding to a state-of-the-art contact angle of θ 0 178 • . A large slippage is, therefore, difficult to obtain within the stripe geometry. Another, more "natural", geometry is that of a pattern of posts, for which, however, no analytical solution of the associated Stokes problem (Stokes equation for the viscous flow together with the inhomogeneous BC as sketched in Fig. 1 ) is available up to now. It is nevertheless possible, using a simple scaling argument, to account for the effective slip length b eff in the limit of practical interest of a small fraction φ s of solid patches [30] . Under the shear-free hypothesis over the gaseous areas, the friction force on the surface reduces to the force on the solid patch F f = Aφ s η L γ s , with γ s the averaged shear rate on the solid patch, η L the liquid dynamic viscosity and A the overall surface area.
To estimate γ s , one may note that the velocity profile in the liquid is influenced by the solid zones only in a region of their size, a, in all directions (see Fig. 1 ): this behavior actually reflects the Laplacian character of the Stokes equation obeyed by the fluid velocity. One, therefore, expects γ s ∼ U/a, where U is the slip velocity of the fluid on the shear-free zones, so that we eventually obtain F f = Aφ s η L U/a. Now if one recalls the definition of the effective slip length, as given by the Navier BC, F f also reads: F f = Aη L V /b eff , with V ≈ U the averaged slip velocity over the superhydrophobic surface. Combining the two independent estimates, one deduces:
It is interesting to first check that the above argument, which is actually independent of the precise geometry of the patterned surface, is consistent with analytical results for a stripe geometry. For solid zones made of stripes, we have φ s = a/L, so that b eff ∼ L. Up to slowly varying logarithmic terms, this is in good agreement with the Philip-Lauga-Stone prediction as equation (1) reduces to b eff ∼ L log(1/φ s ) in the limit of vanishing φ s . As previously emphasized, in this geometry, the effective slip length is mainly fixed by the roughness period L.
Turning now to a pattern made of individual posts, we have
A numerical solution of the Stokes equation with a pattern of no-slip square dots confirms the validity of the scaling argument above in the limit of small φ s (basically φ s < 40%) [30] . It gives moreover the prefactor of the predicted relationship, and we end up with the following expression of b eff , valid for the lowest values of φ s [30] :
with α 0.3. This simple prediction would deserve an analytical justification, which has not been performed up to now. Contrary to the case of stripes, it shows that the divergence of b eff with φ s is much stronger than a logarithmic factor. It thus allows for achieving large slippage while satisfying at the same time the Fakir state stability requirements of keeping a moderate L.
As an overall conclusion, the frictional properties of superhydrophobic Fakir surfaces in the low Reynolds number regime are now rather well understood. The surface geometry (stripe, post, hole, etc.) and quantitative characteristics (length scale L and solid fraction φ s ) that favor the liquid slippage have been presented with the general outcome that very large slip lengths may actually be obtained. However this will be at the expense of significant efforts to obtain nano-engineered surfaces with very small solid fraction and post-like geometry. Typically, slip lengths much larger than micrometers range are only expected with micro-patterned surfaces for which the measured contact angle is larger than 178 • . Although technically achievable, this constitutes a very stringent condition.
Experimental Results
Let us turn now to the experimental studies which have been conducted to measure slippage effects on superhydrophobic surfaces. In line with the discussion presented in the theoretical section, two kinds of roughness patterns have been mostly used for theses surfaces: stripes or pillars.
Using a striped surface, with periodicity of the order of the tens of micrometers (up to 150 µm), Rothstein and coworkers [25, 26] have carried out pressure drop experiments to quantify the drag reduction associated with surfaces in the Fakir state. Additionally, they determined local flow profiles that validated the model description of a (almost) flat interface with alternating no-slip and shear-free BC. Overall, they were able to report effective slip lengths in the micrometer range and up to 20 µm. These values were shown to be in good agreement with the prediction of hydrodynamic model by Philip [28, 32] . Moving down to nanoscales patterns, the same agreement with theoretical expectations was demonstrated in the same geometry by Choi et al. [22] who accordingly measured slip lengths of a few hundreds of nanometers, using a specially designed high sensitivity flow rate versus pressure drop measurement.
More recently, Truesdell et al. [41] relied on rheological experiments to characterize slippage on superhydrophobic surfaces. They reported huge slippage, with slip lengths in the millimeter range, on surfaces with a pattern of stripes, the periodicity of which was in the tens of micrometers [41] , with a very moderate solid fraction φ s of about 50%. These results strongly disagree both with previously reported data and with theoretical expectations which predict much smaller values for b eff in this geometry. This contradiction clearly needs to be clarified with further experimental investigations. Additionally, it points to the experimental difficulties inherent to rheological measurements for the determination of slippage [42] .
Focusing now on superhydrophobic surfaces made of patterns of pillars, we note that a few experiments have also been carried out on in this theoretically more favorable configuration. Choi and Kim [21] performed rheological experiments on surfaces made of nanoposts. While the lateral scale length L was in the micrometer range, the spiky shape of the pillars implied a low solid fraction φ s resulting in contact angles on these "nanoturf" surfaces to be very close to ∼180 • . They measured slip lengths in the tens of micrometers range (b eff 20 µm for water) which would be compatible with the theoretical expectations [30] as summarized by equation (4) for φ s ∼ 0.3% (corresponding to θ 0 = 179 • ). It must be stressed, however, that in this range of very high contact angles, a precise determination of θ 0 is crucial to be able to conclusively compare with theory: going from 175 to 179 • affects b eff by a factor of 5.
In the same geometry of pillar-like surfaces, Joseph et al. studied slippage properties of superhydrophobic carbon nanotube (CNT) carpets using micro-particle image velocimetry (µ-PIV) measurements [23] . Using a capillarity-driven bundling process of the individual nanotubes, they were able to vary the lateral length scale L characterizing the CNT surface. This lateral length scale L was measured by intensity cross-correlation of the SEM picture of the surface as shown in Fig. 2 . To quantify the frictional properties of these surfaces, the latter were embedded in a microchannel and the velocity profile in their vicinity was obtained with high resolution µ-PIV technique [43] (using 500 nm beads as tracers). Two situations were considered: flows on surfaces in the Cassie state (with trapped air), but also on surfaces in the Wenzel state, where the CNT surfaces were impregnated with the liquid.
As expected, it has been measured that the large solid-liquid friction achieved in the impregnated Wenzel state, results in a no-slip BC at the surface as illustrated by the values of b eff 0 reported in Fig. 3 ( ) . In the Fakir (Cassie) state, however, the trapped air is responsible for a finite slip length, the evolution of which is shown in Fig. 3 (•) are typically in the micrometer range and are found to be proportional to the period L of the underlying pattern. This behavior is qualitatively in good agreement with theoretical predictions and can be quantitatively accounted for with a fixed surface solid fraction φ s 0.15, according to equation (4) . This value of φ s is in fair agreement with the experimental estimation φ s 0.1 obtained from the Cassie relationship (equation (2)).
Finally we quote the work by Steinberger et al. [44] who have shown that having air at the solid surface is not enough to achieve a low friction: the shape of the liquid/gas interface is also important and only flat gas film can achieve the previously discussed very low friction. Using a dynamic surface force apparatus [45] , Restagno et al. have investigated slippage on surfaces with calibrated microbubbles trapped at the liquid-solid interface. Two situations were considered: the impregnated Wenzel state and the superhydrophobic Cassie state with protruding bubbles.
They found a smaller effective slip length (b eff = 20 ± 10 nm) in the presence of microbubbles (Cassie state), than without any gas phase trapped at the boundary (b eff = 105 ± 10 nm). This stresses the fact that the presence of gas trapped at an interface does not always warranty an increase of the slippage at the boundary. Super-lubricating capabilities of the Fakir surface do depend on the shape of the actual liquid interface and it must be realized that the extra friction induced by curved gas menisci may annihilate the benefits of partially coating the surface with gas.
Large-Scale Effects of Superhydrophobic Surfaces
As mentioned in the Introduction, the recent interest for reducing friction -promoting slip -at solid-liquid interfaces was initially motivated by the ever growing field of microfluidic devices where the role of channel surfaces is considerably enhanced compared with the macroscale. It is in this particular context that superhydrophobic surfaces have been introduced, and we have presented in Section 2 a review of the different theoretical and experimental works showing their remarkable frictional properties in laminar (low Reynolds numbers) flows.
While it is now established that superhydrophobic surfaces do have the capabilities to produce large drag reduction effects in micrometer-size flows, their unique frictional properties suggest to go one step beyond, i.e. toward macroscales characterized by much higher Reynolds numbers. In the following section, we address this issue by pursuing the same surface-coating strategy to climb up the scales and control flows at the macroscale. We present first a general discussion of what may be expected and what are the intrinsic limitations of such an approach for large-scale flows. We then discuss in more details recent results where this strategy indeed has proved effective at controlling a macroscale hydrodynamic phenomenon.
Drag Reduction
Beside the well-known possibilities of drag reduction at high Reynolds numbers by incorporating polymer additives into the liquid [2, 3] , other strategies involving the surface alone have been devised based, for instance, on riblets -the so-called shark-skin effect [4] . As is the case for the riblets, we focus here on the skin-friction drag, associated with the momentum transfer occurring at the solid-liquid interface, as opposed to the pressure (form) drag.
Coating the solid body with a bubble is an obvious -although difficult in practice -means to reduce the skin-friction drag. [Utimatlely however the finite dissipation in the gas layer [30] will be responsible for a finite drag skin.] Superhydrophobic surfaces in the Fakir state partially realize this air-coating of solid bodies. As discussed in details in Section 2.2 the analogy is only approximate and the remaining solid-liquid contact patches are responsible for a finite slip length b.
Let us see how this finite slip length constrains the drag reducing capabilities of superhydrophobic surfaces. Basically b is of order L with L the surface lateral length scale. Taking into account the trade-off between friction and stability makes it difficult [30] to achieve b more than 10 µm. If one considers a body with typical size = 1 m moving at a velocity U = 1 m/s, the boundary layer thickness as given by the Blasius analysis for a flat plate reads [46] : δ ∼ √ ν /U , with ν the liquid kinematic viscosity. Therefore, with δ in the mm range while L ∼ b ∼ 10 µm, we can assume that the similarity solution describing the boundary layer holds over the superhydrophobic surface, so that the skin-friction drag reduction reads: Drag red. (%) ∼ b δ and typically amounts to only 1%.
In addition to this barely noticeable effect, it is interesting to realize that it will hold only as long as the surface remains in the Fakir state. This will be the case as long as the inertial pressure within the liquid ρU 2 , with ρ the liquid density, does not exceed the intrusion pressure, of order γ LV /L. This amounts to defining a critical Weber number We for transitioning from the Fakir to Wenzel state, i.e. We = ρU 2 L/γ LV . In the previously considered situation one already finds We 0.2, so that it will soon be difficult for the surface to withstand the liquid flow without losing its Fakir characteristic. Similarly when immersed under water, the Fakir state hardly stands hydrostatic pressure: in the above situation, the hydrostatic pressure ρgH already exceeds the capillary pressure γ LV /L at a depth H of 1 m.
This simple analysis clearly suggests that while appealing, superhydrophobic surfaces might not be effective at reducing the drag at high Reynolds numbers. However, a recent study on superhydrophobic hydrofoil reports up to 15% drag reduction for Reynolds number in the range 1000-5000 [24] . This single reported measurement is difficult to rationalize within the present framework: it involves slip lengths getting close to a mm and shows a decreasing drag reduction when increasing Re (and thus decreasing the boundary layer thickness δ). It nevertheless certainly points out to the difficulty of such measurements and to the need for additional investigations, even though there is up to now no proposed scenario leading to a significant drag reduction effect.
Splashes
While superhydrophobic surfaces immersed in liquids do provide a body surface closely resembling that of an air-coated body, their direct effect on the drag force acting on a moving object seems disappointingly small. Considering the constraints related to the stability of the Fakir state together with the remaining spots of actual solid-liquid contact, it seems that the sole change of the boundary conditions provided by the superhydrophobic surfaces is not enough to significantly affect the flow at a macroscopic scale.
However, there exist specific situations where the role of surfaces is not limited to providing a boundary condition for hydrodynamics. For instance in the phenomenon associated with the entry of a solid body into a liquid, the surface wetting properties determine, in addition to the BC, the way the liquid connects to the solid to form the contact line. These kinds of situations are encountered in many civil or military applications, such as ship slamming, air to sea weapons, or all industrial processes that consist in painting or coating an object by plunging it in a liquid bath. We describe here the results of a recent study [47] demonstrating that the unique properties of superhydrophobic surfaces are indeed capable, in this type of configuration, of dramatically modifying the macroscale hydrodynamics.
Experimental Results
We concentrate on a situation where a solid body (here a sphere) of typical size 1 cm impacts on a liquid-gas interface with velocities in the order of 1 m/s. Depending on the value of this velocity, two different cases can be observed. For large enough impact velocities, a huge gas cavity is created behind the sphere, the closure of which is eventually associated with the formation of a large water jet and the familiar splash sound. Consequently, the latter remains connected with the gaseous phase deep below the liquid surface (photograph (b) in Fig. 4 ). In contrast, in the low velocity regime, the same sphere passes through the interface where it gets encapsulated by the liquid, losing any contact with the gas phase as soon as it leaves the interface (photograph (a) in Fig. 4 ) to travel into the liquid.
For a typical impact situation, the Reynolds (Re) and Weber (We) numbers, that compare inertia forces to, respectively, viscosity and capillary forces, can be estimated as Re = ρU a/η L ∼ 10 4 -10 5 and We = ρU 2 a/γ LV ∼ 10 3 -10 4 , where U is the impact velocity and a the size of the solid object (we recall that η L and γ LV stand, respectively, for the liquid dynamic viscosity and the liquid-vapor surface Photographs correspond, respectively, to: (a) impact of a hydrophobic (θ 0 ≈ 115 • ) sphere with impact velocity below the threshold (no air entrainment); (b) exactly the same sphere as in (a) but with impact velocity now above the threshold (U = 5 m/s, huge air cavity); (c) the same sphere as in (b), with exactly the same diameter and impact velocity U = 5 m/s, except the surface was now made hydrophilic (θ 0 ≈ 15 • ). The cavity formed in (b) for this velocity disappears due to the only change in wettability. tension). For such large values of Reynolds and Weber numbers, one expects a priori that viscosity and surface tension should be discarded as relevant parameters in the impact problem [48] [49] [50] [51] .
While photographs (a) and (b) in Fig. 4 evidence the existence of a velocity threshold U * for air entrainment during the impact for a given sphere, photographs (b) and (c) compare the exact same impact situations for two spheres differing only in their surface wettability, i.e. corresponding to the same Re and We numbers. On the basis of the dimensional analysis based on Re and We, this influence of the sphere wettability is accordingly fully unexpected. [We must stress here that only smooth spheres were considered (see in [47] for further details). The surface roughness was left unaltered by the change in the bead wettability occuring here through the covalent grafting of a monolayer of hydrophobic molecules (nm thickness).] This influence of wettability on the impact phenomenon has been explored exhaustively by Duez et al. [47] . As an illustration, a hydrophilic sphere that impacts a water-air interface at 5 m/s does not create any air cavity (photograph (c) in Fig. 4) , in contrast to a hydrophobic sphere with exactly the same size and impact velocity (photograph (b)).
In order to better quantify what affects the liquid response upon impact, Duez et al. [47] systematically measured the threshold velocity U * associated with the onset of air entrainment as a function of the numerous experimental parameters: sphere wettability, sphere diameter, liquid characteristics (dynamic viscosity, surface tension) or gas characteristics (nature, pressure). . . . We concentrate first on the role of surface wettability. Figure 4 shows the evolution of U * with the static contact angle θ 0 on the sphere. As already mentioned, U * strongly depends on θ 0 , particularly in the non-wetting domain (θ 0 > 90 • ) where U * starts from around 7 m/s to become vanishingly small for superhydrophobic surfaces with θ 0 → 180 • . In this last case, an air cavity is always created during impact, whatever the sphere velocity.
In addition to changing the wettability, the influence of liquid parameters such as viscosity η L or surface tension γ LV was explored. Again, the dimensional analysis based on Re and We numbers would discard any dependence of these liquid properties in the large Re and We limits. In contrast, as summarized in Fig. 5 , a strong influence of these properties on the threshold value U * is exhibited. This suggests furthermore the introduction of a critical capillary number Ca = η L U/γ LV . One may note that the capillary number Ca is precisely the ratio between the quantities we were about to neglect! Finally, we quote that the threshold velocity has not been found to depend on the diameter of the spheres, nor on the gas pressure in the range 0.1-1 atm [47] .
Theoretical Analysis
To understand this dramatic, yet unexpected, evolution of the air entrainment threshold velocity with the different parameters, we first focus on the behavior of the liquid close to the solid surface. During the sphere impact, a thin liquid film develops and rises along the sphere, as can be seen in Fig. 6 which shows a series of chronophotographs of the impact phenomenon. This film either closes up at the top of the sphere when the impact velocity is lower than U * , or detaches from the solid surface in the opposite case U > U * , thus resulting in the air cavity creation as the object continues moving deeper into the liquid.
Let us concentrate on the spreading dynamics of this liquid film which appears directly connected to the air entrainment phenomenon, restricting here to the most interesting non-wetting domain (90 • < θ 0 < 180 • ). The situation that needs be modeled is actually closely related to the "classical" forced wetting model. During the impact, the contact line ascends along the hydrophobic sphere at a velocity v, as shown in Fig. 7(a) and 7(b) . The contact line velocity v is of the same order as U and we will write v ≈ ζ U with ζ a dimensionless coefficient [47, 50] . This situation simply appears as a reversed case compared to the classical forced wetting problem in which a solid hydrophilic plate is pulled from a liquid at a velocity v s (see Fig. 7(c) ). In this classical forced wetting situation, it has been shown, by expressing a force balance on the triple line, that this contact line becomes unstable above a critical value v * of the pulling velocity, associated with a constant capillary number Ca
(with ∼ 15-20 a numerical factor [52, 53] ). This instability corresponds to the disappearance of the contact line and the appearance of liquid coating of the solid wall when d → 0. In the following, we note 0 and d as, respectively, static and dynamic contact angles defined with respect to the wetting phase.
Developing the analogy in our impact problem with a hydrophobic surface, we identify the wetting phase as air, so that the static contact angle with respect to the wetting phase is defined as 0 = (π − θ 0 ) and the triple contact line becomes no longer stable above v * ∝ (π − θ 0 ) 3 . Furthermore, v * is fixed by a critical capillary number Ca * = v * η L /γ LV that evolves like Ca * ≈ 3 0 /9 . Viscous dissipation in the non-wetting phase (air in the classical forced wetting problem) is usually neglected, but has to be considered here, because of the significance of the liquid viscosity η L with respect to η air . Indeed, both viscous forces in the wetting phase (air) corner
The stability analysis of the contact line with the above force terms leads to the following expression for v * in terms of liquid viscosity:
with g 0 a numerical factor of the order of 5-10. Finally, a theoretical expression for the critical air entrainment velocity of the sphere is obtained in the form
As can be seen in Fig. 4 , this theoretical prediction complies fairly well with the evolution of U * with the wettability, in the non-wetting domain (θ 0 ∈ [90; 180 • ]).
[With = 15, ζ = 2 already set [50, 52, 53] experiments are well rendered by equation (6) with a single parameter g 0 ≈ 7, well within the expected range.] It is, moreover, interesting to note that the theoretical description involving the contact line dynamics does predict a γ LV /η L dependence of U * , for a fixed wettability (θ 0 ). Such behavior, already mentioned, is experimentally well verified as shown in Fig. 5. 
Perspectives
In this short review, we tried to establish a clear picture of our present understanding of the frictional properties of superhydrophobic surfaces. At the microscale, considering the case of viscous flows (low Reynolds numbers regime), the surface properties are all accounted for through the effective boundary condition and the possibility of surface slippage. Benefiting from numerous studies both on the theoretical and experimental sides, the drag reduction capabilities of Fakir superhydrophobic surfaces are now well established at the micro-scale. Optimizing the geometry (roughness lateral scale L and height, solid fraction φ s and topography: pillars vs stripes), to achieve a satisfactory compromise between robustness of the gas-coated surface and low friction, can result in demonstrated slip lengths b eff reaching from 1 to 10 µm, in good agreement with theoretical predictions.
As for the ultimate achievable characteristics, recent theoretical calculations do predict the possibility of even larger effects with surface designs accessible to the present techniques of nano-patterning, but this remains to be experimentally verified. Future route that might further reduce the surface friction could be to consider surface with hierarchical (fractal) length scales that would get even closer to the complete non-wetting limit. In any case, we stress that the achievement of superlubricating surfaces imposes stringent conditions, very demanding on the surface design and quality: this certainly constitutes now the major issue to be overcome before Fakir surfaces actually benefit lab-on-chip devices.
Following the promising results at the microscale, the influence of superhydrophobicity on macroscale flows was also considered. In this high Reynolds numbers regime, much fewer studies are available and we presented here a simple boundary layer analysis that suggests that Fakir surfaces might not be able to induce significant drag reduction at the macroscale. A point that certainly deserves to be clarified in the near future. However, Fakir surfaces were shown to dramatically affect the hydrodynamic picture of a solid object entering a liquid, a point which has largely remained ignored with potential applications in naval or industrial domains. A interesting conclusion is that surface effects are able to design large-scale flows. As an illustration, we show in Fig. 8 the impact of a Janus sphere -only half the sphere is coated with a superhydrophobic coating -which produces a 'half-splash'. The idea of flow design by surface effects establishes a bridge between largely independent domains such as surface science and fluid mechanics. We expect that exploring such novel connections will be fruitful for both fields. 
